Fucoid algae release gametes into seawater following an inductive light period (potentiation), and gamete expulsion from potentiated receptacles of Pelvetia compressa began about 2 min after a light-to-dark transition. Agitation of the medium reversed potentiation, with an exponential time course completed in about 3 h. Light regulated two signaling pathways during potentiation and gamete expulsion: a photosynthetic pathway and a photosynthesisindependent pathway in which red light was active but blue light was not. Uptake of K ؉ appears to have an important role in potentiation, because a 50% inhibition of potentiation occurred in the presence of the tetraethylammonium ion, a K ؉ -channel blocker. A central role of anion channels in the maintenance of potentiation is suggested by the premature release of gametes in the light when receptacles were incubated with inhibitors of slow-type anion channels. An inhibitor of tyrosine kinases, tyrphostin A63, also inhibited potentiation. A model for gamete release from P. compressa is presented that proposes that illumination results in the accumulation of ions (e.g. K ؉ ) throughout the cells of the receptacle during potentiation, which then move into the extracellular matrix during gamete expulsion to generate osmomechanical force, resulting in gamete release.
Developmental and life history events in photosynthetic organisms often involve complex responses to natural variations in light intensity and quality. Light is processed in a variety of ways: either through the photosynthetic apparatus (Durnford and Falkowski, 1997, and refs. therein) or through other photoreceptors such as the phytochrome (Quail et al., 1995) , cryptochrome (Ahmad and Cashmore, 1996) , or rhodopsin families (Robinson et al., 1998) . In lower plants and algae, light influences processes as diverse as cell differentiation (in cyanobacteria [Campbell et al., 1993] ), photopolarization of zygotes (in fucoid algae [Robinson and Miller, 1997; Robinson et al., 1998 ]), and control of branching (in mosses [Ermolayeva et al., 1996] ).
Natural populations of fucoid algae release gametes into SW in the light during periods of low water motion (Pearson and Brawley, 1996; Serrão et al., 1996) . Gamete release is photosynthesis dependent, since blocking photosynthetic electron transport in the light with DCMU prevents gamete release (Serrão et al., 1996) . Low water motion stimulates gamete release by limiting the inorganic carbon required for photosynthesis (Pearson et al., 1998) . We demonstrated this with experiments in which addition of excess inorganic carbon to SW under calm conditions blocked gamete release; conversely, gamete release occurred in inorganic carbon-free SW independently of the hydrodynamic conditions (Pearson et al., 1998) . The chances of successful external fertilization are increased by ensuring that gametes are released during relatively calm periods, when dilution will be slow.
Some of the key environmental factors controlling gamete release are known; however, we have little information about how these signals are transduced into downstream events resulting in gamete expulsion. Therefore, the aim of this study was to investigate the signaling pathway. Since oogonia and antheridia are released by being forced through pores in the subepidermal conceptacles of the reproductive tissue (receptacles), our hypothesis is that environmental signals ultimately result in ionic movements, leading to osmotic changes within the receptacles that stimulate gamete expulsion.
Ionic fluxes are involved in several osmomechanical processes in lower and higher plants. These include the K ϩ -and Cl Ϫ -driven swelling and shrinking of motor cells that control leaf movements in several higher plants (Satter et al., 1988; Lee, 1990; Antkowiak and Engelmann, 1995) . In guard cells, the best understood osmoregulatory system of higher plants, light-dependent ionic movements drive turgor changes caused by fluxes of K ϩ and the anions malate and Cl Ϫ (Assmann, 1993; Roelfsema and Prins, 1998) . Membrane depolarizations are often an early event in signal transduction pathways involving ion channels, as in the phytochrome-mediated, Ca 2ϩ -dependent depolarizations involved in branching of the moss Physcomitrella patens (Ermolayeva et al., 1996) and in stomatal closure (Schroeder and Keller, 1992; Schroeder et al., 1993) .
Guard cell anion channels are currently thought to be a central control mechanism in the signal transduction pathways for stomatal function, allowing sustained plasma membrane depolarization (Schroeder and Keller, 1992; Schroeder et al., 1993; Pei et al., 1997; for review, see Schroeder, 1995) . Down-regulation of S-type anion channels is necessary during K ϩ -driven stomatal opening, whereas sustained plasma membrane depolarization resulting from the opening of anion channels drives K ϩ efflux and stomatal closure (Schwartz et al., 1995) . Recent studies have implicated phosphorylation and dephosphorylation events in the regulation of inward and outward K ϩ currents (Luan et al., 1993; Thiel and Blatt, 1994; Li et al., 1998) and anion channels (Schmidt et al., 1995; Pei et al., 1997) in guard cells. This suggested that it would be of interest to investigate the roles of K ϩ and anion fluxes and of phosphorylation and dephosphorylation in gamete release in fucoid algae. Furthermore, the inorganic carbon sensitivity of gamete release in fucoids shows intriguing functional parallels with the role of malate as a CO 2 sensor and modulator of guard cell anion-channel activity (Hedrich and Marten, 1993; Hedrich et al., 1994) . Therefore, we also performed experiments to investigate the effect of malate on gamete release.
There are two distinct phases in gamete release in the fucoid alga Pelvetia compressa (J. Agardh) De Toni (formerly P. fastigiata, Silva, 1996) . First, receptacles become competent to release gametes following culture for Ն4 h under calm conditions in the light. This is referred to as potentiation in this report. Second, gamete expulsion is a rapid process (minutes) that is triggered by transferring receptacles to darkness (Jaffe, 1954) . Gamete expulsion does not occur normally during potentiation under laboratory conditions unless old receptacles are used. The temporal and functional separation of potentiation and gamete expulsion in P. compressa makes it a useful model in which to study the mechanistic basis underlying these processes. On the basis of our results, we suggest that (a) light signals during potentiation are processed via two separate pathways: one sensed via photosynthetic electron transport and the other photosynthesis independent and possibly red-light dependent, (b) K ϩ uptake plays a role in potentiation and gamete expulsion may involve changes in anion-channel activities, and (c) phosphorylation events involving Tyr kinase(s) are involved in the signaling pathway for potentiation.
MATERIALS AND METHODS
Reproductive branches of the intertidal brown alga Pelvetia compressa (J. Agardh) De Toni were collected at Pigeon Point, California, and shipped overnight between layers of moistened paper in Styrofoam boxes that contained cool packs. For the experiments reported here, material was stored at 5°C in a cold room and used within 10 d and normally within 1 week. To minimize artifacts associated with storage, receptacles (50-100) were preincubated in 2-L flasks containing 1 L of SW for Ն6 h in the light (150-200 mol photons m Ϫ2 s Ϫ1 ) with water motion provided by an orbital shaker (150 rpm, Lab-Line Instruments, Inc., Melrose Park, IL) prior to experiments, unless otherwise stated. Slightly different periods of potentiation were used in different experiments as a result of small seasonal effects in responses of tissue. Gamete release in experiments was quantified by counting the number of eggs present in the medium following a 30-min transfer to darkness (unless otherwise stated) with a dissecting microscope, and is expressed as a function of the fresh weight of receptacle tissue after release.
Time Course of Gamete Expulsion in Darkness
The time course of gamete expulsion in darkness (two receptacles per replicate in 15 mL of ASW, n ϭ 5) was determined following potentiation under calm conditions in the light for 6 h. Following potentiation, receptacles were placed in darkness for 30 s, 1 min, 5 min, or 30 min, and then irradiated for an additional period of 30 min (to allow completion of any gamete expulsion under way) before quantitation of release.
Time Course of Stimulation and Inhibition of Potentiation Related to Hydrodynamic Conditions
To study the time course of potentiation in the light, which is known to be inhibited by high water motion in this and other species of fucoid algae (Serrão et al., 1996; Pearson et al., 1998) , two to three receptacles (approximately 0.5-1.0 g fresh weight) per replicate (n ϭ 5) were incubated in 25 mL of filtered SW in 125-mL flasks. Receptacles in flasks were incubated at 15°C Ϯ 1°C in the light (250 mol photons m Ϫ2 s Ϫ1 ) under either agitated (150 rpm, Lab-Line Instruments, orbital shaker) or calm conditions for 8 or 13 h. Other treatments (n ϭ 5) included agitation first for 8 h and then 1, 2, 3, 4, or 5 h of light under calm conditions. A second experiment was performed under the same culture conditions as described above, except that receptacles were placed under calm conditions for 6 h in the light and then agitated for 1, 2, 3, 4, or 5 h in the light. Positive and negative controls were incubated under calm or agitated conditions for 6 or 11 h in the light. In both experiments, receptacles were used directly from storage in darkness at 5°C without pretreatment (see above), and gamete release was determined under a dissecting microscope by counting the number of eggs released after transfer to darkness (30 min).
Inhibition of Photosynthetic Electron Transport
The effects of inhibiting photosynthesis in the light on gamete expulsion following potentiation were investigated by adding an inhibitor of PSII electron transport, DCMU, to receptacles after 7 h in light (two receptacles per replicate in 4 mL of ASW, n ϭ 5). DCMU was added from a 100 mm stock in 95% ethanol to a final concentration of 10 m. Control treatments were incubated in ASW or ASW plus 0.01% ethanol. Gamete release was determined after 30 min in the light with no dark transfer.
Malate Sensitivity
The effect of malate on gamete release in P. compressa was studied by addition of l-(Ϫ)malate and d-(ϩ)malate (as sodium salts, Sigma) during potentiation. Malate (up to 50 mm) was added to receptacles (two per replicate in 15 mL of ASW, n ϭ 5) at the beginning of a 6-h potentiation period, and gamete release was quantified following a 30-min dark transfer.
Effects of Light Quality on Potentiation and Gamete Release
To investigate the effects of light quality on gamete release independently of photosynthetic rate, the photosynthesis versus irradiance responses of receptacles to white, red, and blue light were determined in preliminary experiments using oxygen electrodes (data not shown). Red and blue wavelengths were provided using 50-mmdiameter dichroic color separation glass filters (Edmund Scientific Co., Barrington, NJ). In subsequent experiments to investigate the effects of light quality on potentiation and gamete expulsion, photon flux densities were selected that gave equal rates of O 2 production in different treatments. Relatively low fluences of blue light were obtainable with the fluorescent light source used, and photon flux densities were lower than those used in other experiments (white light ϭ 50 mol photons m Ϫ2 s Ϫ1 ; red light ϭ 35 mol photons m Ϫ2 s Ϫ1 ; and blue light ϭ 70 mol photons m Ϫ2 s Ϫ1 ). Receptacles (three per replicate) were potentiated for 8 h in 60-mm Petri dishes wrapped in aluminum foil containing 15 mL of ASW (n ϭ 6). The transparent lids of the dishes were either unaltered (white light) or replaced with the appropriate filter (red or blue light). Following potentiation, receptacles were incubated for an additional 30 min in darkness or in white light, red light, or blue light. Gamete release was assayed as described previously.
Inhibitors of Ion Channels
An inhibitor of K ϩ channels (Taylor and Brownlee, 1993), TEA-chloride (100 mm), was added either at the start of the potentiation period (i.e. for 5 h) or by transfer of receptacles to ASW plus TEA ϩ for 60 min or for 5 min prior to dark treatment. The appropriate controls for both osmotic effects (100 mm NaCl) and for transfers of receptacles between different solutions were used to allow the comparison of inhibitor and noninhibitor treatment effects.
Several compounds reported to block S-type anion channels in both animals and plants were tested for their effects on gamete release. 9-AC was prepared as a 0.5 n stock solution in ethanol: DMSO (95:5 [v/v] ) and used at a final concentration of 1 mm in ASW. Probenicid was used at a final concentration of 2 mm, from a 1 n stock in 1 n NaOH. Niflumic acid was prepared as a 200 mm stock in ethanol and used at a final concentration of 1 mm. Control treatments were done in ASW and in ASW with the appropriate solvent concentration (9-AC control, 0.02% [v/v] 95:5 ethanol:DMSO; probenicid control, 0.02% [v/v] 1 n NaOH; and niflumic acid control, 0.5% [v/v] ethanol). Experiments were carried out in 35-ϫ 10-mm Petri dishes containing 4 mL of Tris-buffered ASW (pH 7.8). Each dish (n ϭ 5) contained two receptacles. Anion-channel blockers were added at the beginning of the 7-h potentiation period, after which time receptacles were removed to new dishes containing appropriate inhibitor or control solutions for a 30-min dark period; the number of gametes expelled was thus quantified independently for both the light (potentiation) and the dark phases. The results were analyzed by a twofactor analysis of variance (SYSTAT, version 5.2.1, SPSS, Inc., Chicago, IL) and significant differences between means (␣ ϭ 0.05) were identified using Tukey's test.
In similar experiments, the anion-exchange inhibitor 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid was added at concentrations of 200 m and 1 mm (two receptacles per treatment in 4 mL of ASW, n ϭ 5). After 5 h of potentiation, gamete release was quantified following a 30-min transfer to darkness. Gamete release in the light was not observed in these experiments and was not quantified separately.
Inhibitors of Protein Phosphorylation
The involvement of protein phosphorylation in gamete release was investigated in several experiments with the use of drugs known to be active against protein kinases in other systems. Staurosporine, a broad-range inhibitor of Ser/Thr protein kinases, was added to a concentration of 10 g mL Ϫ1 , from a 10 mg mL Ϫ1 stock solution in DMSO. Tyrphostins A25 and A63, specific inhibitors of protein Tyr kinases (Yaish et al., 1988) , were added at 50 to 200 m from stock solutions in DMSO, either at the beginning of the potentiation period or for 30 min prior to the dark transfer period. Controls for the effects of solvents (0.1% DMSO), in addition to ASW controls, were used in these experiments.
RESULTS

Time Course of Gamete Expulsion and of Stimulation and Inhibition of Potentiation by Hydrodynamic Conditions
A quantitative analysis of the temporal effect of darkness on potentiated receptacles under calm conditions (Jaffe, 1954) showed that a sustained period of darkness was required to stimulate gamete expulsion (Fig. 1) . Receptacles returned to light after periods of Յ2 min of darkness released few gametangia. A period of darkness between 2 and 5 min was sufficient to saturate gamete expulsion (Fig.  1) . The response of potentiated receptacles to darkness was gradual, as demonstrated by the data for 1, 2, and 5 min of darkness (Fig. 1) .
The potentiation of gamete release in P. compressa was inhibited by high water motion (agitation) relative to calm conditions in laboratory experiments (Fig. 2) . Gamete release from receptacles was maximized by incubation for 6 h under calm conditions; no further increase was observed by extending the potentiation period to 11 h ( Fig. 2A) . However, incremental increases in the duration of agitation (1-5 h) following a 6-h period of calm resulted in an exponential decline in gamete release. Following an 11-h potentiation period, 48,720 Ϯ 5,937 eggs g Ϫ1 fresh weight were released under calm conditions, but only 306 Ϯ 161 eggs g Ϫ1 fresh weight were released when 6 h of calm was followed by 5 h of agitation ( Fig. 2A) . Agitated controls in both experiments (Fig. 2) indicated that gamete release was reduced progressively by periods of agitation for 6 to 13 h. Several properties are evident using receptacles in calm: shaken and shaken:calm treatments: (a) an extended period of agitation is required to fully reverse potentiation, (b) potentiated (calm) receptacles are very sensitive; only 1 to 2 h of agitation greatly reduced the number of gametes released (Fig. 2) , and (c) the rapid, exponential kinetics of the reversal of potentiation by agitation ( Fig. 2A) compared with the slower increases in potentiation after agitation (Fig. 2B ) suggest that these two processes might not be simply the inverse of one another. Following 8 h of agitation, Ͼ1 h of calm incubation was necessary to observe increases in gamete release (Fig. 2B) , which then increased with the duration of the calm interval.
Inhibition of Photosynthetic Electron Transport
When added to potentiated receptacles in the light, DCMU caused a massive expulsion of gametes, mimicking a transfer to darkness (Table I ). The time course of the response (about 30 min for completion following addition of the inhibitor) was slower than that seen in response to darkness (Fig. 1) . But given the time necessary for DCMU to reach its site of action in the chloroplasts, these results are consistent with a role for photosynthesis in signaling the rapid response of gamete expulsion in P. compressa, in addition to the requirement for photosynthesis during potentiation shown in a previous report (Serrão et al., 1996) .
Effects of Light Quality
Receptacles potentiated in white light expelled gametes normally when incubated in darkness for 30 min (Fig. 3) . As expected, gamete expulsion was very low when whitelight-potentiated receptacles were transferred to white or red light, but a transfer from white to blue light triggered gamete expulsion that exceeded that induced by darkness (although in another experiment, it was of a similar magnitude). Moreover, although potentiation in red light was effective (similar to white light) and resulted in a large expulsion of gametes after transfer to darkness, very few gametes were expelled when potentiation was carried out in blue light (Fig. 3) . Thus, blue light was insufficient to Table I . DCMU triggers gamete expulsion in the light from potentiated receptacles DCMU (10 M) or ethanol (0.01%) was added following 7 h of potentiation of receptacles in the light, and the number of gametes released was determined 30 min after addition. Control (ASW) and treated receptacles remained in the light for a total of 7.5 h. Values are means Ϯ SE (n ϭ 5). potentiate gamete release, despite providing photosynthetically active irradiance, and had a similar effect to darkness in triggering gamete expulsion following normal potentiation in white light.
Effects of Malate and Inhibitors of Ion Channels
When l-(Ϫ)malate (50 mm) was present in ASW during potentiation, gamete release was reduced significantly relative to controls in ASW or to treatments with the biologically inactive stereoisomer (Table II , F 2,12 ϭ 4.56; P ϭ 0.034). We found that the effective concentration of l-malate necessary to inhibit potentiation varied from experiment to experiment; 50 mm was always effective, but in some experiments a significant response was observed with concentrations as low as 5 mm.
The K ϩ -channel blocker TEA ϩ (100 mm) inhibited potentiation, thereby reducing gamete release by approximately 50% (Table III) , suggesting that K ϩ movements are involved in achieving potentiation in receptacles. In contrast, gamete expulsion was unaffected when TEA ϩ was added to fully potentiated receptacles for periods of up to 1 h before placing these receptacles (still in TEA ϩ ) in darkness (data not shown).
Gamete release was significantly greater in the light relative to controls in the presence of all three anion-channel inhibitors tested ( Fig. 4 ; two-factor analysis of variance, F 6,56 ϭ 39.12; P Ͻ0.0001). The most effective inhibitor at the concentrations used was 9-AC, which resulted in levels of gamete expulsion in the light that were similar to levels of dark-induced expulsion in controls (Fig. 4) . The presence of solvents (DMSO or ethanol) or carrier (NaOH) at concentrations equal to those used in inhibitor treatments had no significant effects on gamete release relative to controls; in every case very few gametes were expelled in the light, almost all expulsion occurring rapidly following the transfer of receptacles to darkness. Cumulative gamete release (light plus dark periods) did not differ significantly between treatments (analysis of variance, F 6,28 ϭ 1.58; P ϭ 0.190). Therefore, the biological significance of the observed reduction in gamete expulsion during the dark phase in the presence of inhibitors might simply have been a consequence of depletion of the gamete pool due to release in the light (i.e. the magnitude of release in the dark was not independent of release in the light in these treatments). These results suggest that anion channels play a Figure 3 . The effects of light quality on potentiation and gamete expulsion. Receptacles were potentiated for 8 h in red light (RL), blue light (BL), or white light (WL). Receptacles were then transferred to darkness (D) for 30 min and gamete release was assayed. For whitelight-potentiated receptacles additional treatments were given by transferring to red or blue light for 30 min, while controls were kept in white light, and gamete release was assayed. Results are means Ϯ SE (n ϭ 6). Fwt, Fresh weight. central role in the normal functioning and regulation of gamete expulsion in P. compressa.
Effects of Inhibitors of Protein Phosphorylation
Gamete release was almost completely blocked when specific inhibitors of Tyr kinases were added to ASW at the beginning of potentiation (Table IV) , whereas staurosporine (10 g/mL), a Ser/Thr kinase inhibitor, had no effect (Table IV) . Tyrphostin A63 (200 m) reduced gamete release from 19,107 Ϯ 2,200 eggs g Ϫ1 fresh weight in controls (ASW) to 733 Ϯ 409 eggs g Ϫ1 fresh weight (n ϭ 5). A second tyrphostin, A25 (200 m), had no significant effect on gamete release, indicating that inhibition was not a consequence of any general cytotoxicity of these compounds or of the concentration used. Neither tyrphostin had any effect on gamete expulsion when added after potentiation, for up to 30 min before receptacles were transferred to darkness (data not shown). Thus, we conclude that protein Tyr phosphorylation is essential for potentiation but appears not to be involved in the rapid response to darkness that triggers gamete expulsion.
DISCUSSION
A model that summarizes our present understanding of potentiation and gamete expulsion is presented in Figure 5 . Our data indicate that photoreception and subsequent signal transduction occur via two pathways. One of these requires photosynthesis (Serrão et al., 1996 ; see "Results"), and to become fully potentiated, receptacles must experience inorganic carbon limitation during at least a portion of the potentiation period (see figure 9 in Pearson et al., 1998) . Fucoid algae have a carbon-concentrating mechanism that provides relatively high [CO 2 ] to the chloroplasts (Surif and Raven, 1989; Raven and Osmond, 1992) , and they continue to evolve O 2 in inorganic carbon-free SW (Surif and Raven, 1989) . This suggests that internal stores of carbon might be utilized under carbon-limiting conditions (e.g. via the decarboxylation of organic acids), which could drive the uptake of K ϩ as a counterion. Gamete expulsion in the dark from receptacles treated with TEA ϩ during potentiation was only one-half that of controls; thus, part of the requirement for potentiation is K ϩ uptake.
Light Regulation of Gamete Release
The epidermal cells of the receptacle are likely to be key sites for potentiation (Fig. 5) because chlorophyll autofluorescence is found here primarily (S.H. Brawley, unpublished data), and the plasma membrane of the epidermal cells is deeply invaginated, suggesting the importance of these cells in secretion and/or absorption (McCully, 1968a) . Ions taken up during potentiation, however, are likely to be distributed throughout the receptacle during potentiation because the cells are coupled by distinctive cytoplasmic junctions (Fritsch, 1945; McCully, 1968b; Moss, 1983; G.A. Pearson and S.H. Brawley, unpublished data) . Taken together, these observations suggest that the receptacle is a reproductive organ that functions as an ionic syncytium.
Gamete expulsion is complete within about 30 min after the application of DCMU to receptacles in the light (see "Results"). This is dramatic, although somewhat slower than the time course demonstrated here for darkness. Hypotheses (Fig. 5) arising from the observed effects of darkness/DCMU include: (a) photosynthetically supplied ATP may be required by ion pumps involved in maintenance of potentiation (Fig. 5) and/or (b) redox signaling (Campbell et al., 1993; Danon and Mayfield, 1994; Escoubas et al., 1995) may be important in the transition from potentiation to gamete release. Other signals could arise under high light or carbon limitation as a result of oxidative stress and/or the thioredoxin pathway (Danon and Mayfield, 1994; Allen, 1995; Bohnert et al., 1995; Ingram and Bartels, 1996) .
A second photosynthesis-independent pathway must have been present, because potentiation occurred in red or white light, but not in blue light, independently of photosynthetic rate. Since potentiation occurs normally in white light, it appears that blue light is not inhibitory. Blue light was as effective as darkness in triggering gamete expulsion from potentiated receptacles. Investigations of the action spectra for the response will reveal whether this was simply due to removal of red light or to a blue-light effect. Blue light does have substantial effects on some processes in fucoids, including photopolarization of zygotes (Hurd, 1920; Robinson and Miller, 1997) , which may occur via rhodopsin, since retinal has been identified in P. compressa zygotes (Robinson et al., 1998) . The ubiquitous red-far-red photoreceptors of higher plants, the phytochromes (Quail et al., 1995; Chamovitz and Deng, 1996) , are candidates for the red-light photoreceptor of fucoid receptacles. Phytochrome has not been identified in fucoids, but genes with homology to phytochrome are widely distributed (prokaryotes: Schneider-Poetsch et al., 1991; Kehoe and Grossman, 1996; Hughes et al., 1997; green algae: Kidd and Lagarias, 1990; Winlands and Wagner, 1996; lower plants: Thü mmler et al., 1992; Pratt, 1995; Ermolayeva et al., 1996 ; ascomycete fungi and slime moulds: Griffith et al., 1994; Starostzik and Marwan, 1995) . Given the identification of retinal in P. compressa, it is also of interest that animals A25 and A63 (200 M) , and, in a separate experiment, the Ser/Thr kinase inhibitor staurosporine (10 g/mL) were added at the beginning of potentiation (6 h), and gamete release was determined following a 30-min transfer to darkness. Values are means Ϯ SE (n ϭ 5). obtain selective spectral information, including from red light, with retinal in combination with different opsin proteins (Bowmaker, 1991) .
Role of Protein Phosphorylation
Successful potentiation requires Tyr kinase activity. Gamete release was reduced to 13% of controls when tyrphostin A63 was present during the potentiation period. Gamete release was unaffected, however, when the drug was added 30 min prior to dark transfer, leading to the (tentative) conclusion that a protein Tyr kinase is not involved in the direct triggering of gamete expulsion in darkness. Tyr phosphorylation has been found as part of a number of processes that may be relevant to our model (e.g. in stressresponse pathways involving mitogen-activated protein kinase [Shinozaki and Yamaguchi-Shinozaki, 1997] ; modulation of K ϩ channels [Holmes et al., 1996] ; regulation of some Rubisco [Aggarwal et al., 1993] ; phytochromemediated signaling [Bowler et al., 1994; Sommer et al., 1996] ). It should be noted, however, that translation from 70S and 80S ribosomes was not required for potentiation in this study (data not shown); thus, the functional consequences of light signaling and/or protein phosphorylation are probably not expressed through changes in gene regulation and transcription. Inward-rectifying K ϩ channels in guard cells are sensitive to TEA ϩ (Blatt, 1992) , with regulation through calmodulin-dependent protein phosphatase 2B (calcineurin); however, we have not detected any significant change in gamete release when inhibitors of Ser/ Thr kinases (staurosporine, H-7, ML-7) or the phosphatase inhibitor okadaic acid were present during potentiation, and inconsistent results have been obtained in experiments with the calmodulin inhibitors W7 and W5 (data not shown).
Anion-Channel Regulation and Gamete Expulsion
Experiments using anion-channel blockers suggest that S-type anion channels play a role in controlling gamete expulsion. Several anion-channel antagonists caused gametes to be released prematurely in the light during the normal potentiation phase. However, 4,4Ј-diisothiocyan- atostilbene-2,2Ј-disulfonic acid, a potent inhibitor of rapidtype anion channels (Marten et al., 1993) , had no effect on gamete release under the same conditions. The control of anion efflux through S-type anion channels in guard cells is central to the process of turgor regulation and thus stomatal opening (Schroeder and Keller, 1992; Schroeder et al., 1993; Schroeder, 1995; Schwartz et al., 1995; Pei et al., 1997) . These channels can remain open over a wide range of membrane potentials and allow for sustained membrane depolarization, upon which turgor loss and stomatal closing depend. The activation state of these channels is also important in the control of stomatal opening, which is enhanced in the presence of anion-channel blockers (Schwartz et al., 1995) . We propose that anion-channel activity is necessary to maintain the potentiated state, because of the effects of inhibitors in causing gamete expulsion in the light; however, further studies are needed to clarify their regulation and role (e.g. in the maintenance of turgor). The inhibitory effect of malate on potentiation that we observed might be due to disruption of turgor by an activation of anion efflux channels (Hedrich and Marten, 1993; Hedrich et al., 1994) .
A Model for Signal Transduction Leading to Gamete Release
Our view of the potentiated receptacle is one in which light and inorganic carbon-limited uptake of K ϩ has occurred. Underlying the epidermal and cortical cells of the receptacles is a thick layer consisting of medullary filaments in a copious extracellular matrix of alginic acid and fucoidan (McCully, 1968b) . We hypothesize that a rapid release of ions into the extracellular matrix occurs when potentiated receptacles are transferred to darkness, such that this extracellular gel swells rapidly to provide the physical force required for gamete expulsion (Fig. 5) . As shown above, TEA ϩ inhibits gamete release by partially blocking potentiation. The failure of TEA ϩ to inhibit gamete expulsion following potentiation in the absence of the inhibitor might seem contrary to our model, but the inhibitor may not penetrate to sites deep within the receptacle and, or the channels through which K ϩ efflux occurs may be TEA ϩ insensitive (for reviews, see Cook, 1990; Hedrich and Dietrich, 1996) . Preliminary studies of the spatial distribution of ions within receptacles during potentiation and during gamete expulsion with x-ray microanalysis are supportive of the proposed K ϩ flux into the extracellular matrix (Speransky et al., 1998) .
The exquisite control mechanisms of potentiation and gamete expulsion in P. compressa in response to water motion ([inorganic carbon]) and light signals may have arisen as adaptations allowing increased fertilization success in intertidal habitats. Potentiation builds gradually under calm conditions but declines exponentially if water motion increases (see "Results"), conditions under which gamete dilution would be expected to decrease fertilization success. Rapid light-to-dark transitions, which trigger gamete expulsion in the laboratory, are unlikely to happen in nature; however, sharp reductions in light intensity and changes in quality (reduction in the relative amount of red light) may occur when algae are immersed by the incoming tide. Questions concerning the potentiation status of receptacles of P. compressa in natural populations, and thus the timing of natural gamete release (Johnson and Brawley, 1998) , might be best addressed using a physiological marker, e.g. the spatial distribution of important ions at different phases of the tidal cycle (Speransky et al., 1998) . Our model for signal transduction during gamete release suggests the presence of elements common to other osmoregulatory model systems (guard cells and sensitive plants) and offers a basis for further investigation.
